Water-soluble polyvinyl alcohol (PVA) was modified by thymine derivatives, which gave reversibly photodimer by UV irradiation. Photo-cross-linking of the polymer (PVA-Thy) was carried out in film state on quartz plate by irradiation at 280 nm.PVA containing thymine had good sensitivity compared with uracil. Photodimerzation of the ester derivative was faster than the acetal derivatives, but the sensitivity was lower because solubility in water was high. Reverse reaction of photodimerization was almost complete, but the reversibility of solubility was not complete. This fact indicated that hydrogen bonding between PVA was formed during photodimerization reactions.
Introduction
Photodimerizations of pyrimidines (uracil and thymine) are known to occur by UV light irradiation (Fig. 1 ). Irradiation at 280 nm makes thymine into photodimer, and irradiation at 240 nm to the photodimer gives original thymine.14~ Contrary to thymine, uracil does not have such reversibility. However, sensitivity of uracil to photodimerization is higher than that of thymine. These photoreactions are useful for developing photoresist, photorecording materials, and surface modification. Cross-linking of polyvinyl alcohol (PVA) is important for application of PVA because the cross-linking causes thermal stability of the polymer.
The study of PVA containing uracil revealed that the PVA become insoluble by formation of one photodimer per one polymer chain 5~ It was concluded that the effective photo-cross-linking was caused by hydrogen bonds between PVA polymers (Fig. 2) . The effect of hydrogen bonds should be supported by study of photo-cross-linking of thymine derivative, because the photodimerization of thymine is reversible ( Fig. 1 ). After photosplitting of the photodimer, the PVA should be soluble in water, but hydrogen bonds may inhibit solubility. This paper deals with the photo-cross-linking of PVA containing thymine units. Two kinds of polymers were prepared as shown in Fig. 3 . In PVA-AThy, thymine is linked to PVA by acetal bond, but in PVA-E-Thy, thymine is linked to PVA by ester bond. PVA-A-Thy (1) was prepared using the similar method used for preparation of uracil derivative of PVA in literature.5} (Thymin-1-yl)acetaldehyde (0.5 g, 2.3 mmol) was added to the solution of PVA (1 g, PVA-217, KURARAY CO., LTD.) in water (10 ml). The solution with 12N-hydrochloric acid (5 ml) was stirred for 12 h at room temperature. The reaction mixture was poured into excess methanol to give the polymer 1 as precipitate. Content of thymine units in PVA was determined by NMR spectra. PVA-E-Thy (2):
The ester derivative of PVA having thymine was prepared according to Scheme 1. To a suspension of 1-carboxyethyithymine (3) (1.98 g,10 mmol) in acetonitrile (10 ml), triethylamine (about 2 ml) was added to give a clear solution. To the solution, l,1'-carbonyldiimidazole (CDI,1.94 g,12 mmol) was added with stirring. After stirring for 3 h at room temperature, white crystals were precipitated from the solution. After evolution of gas ceased, the imidazolido derivative (4) was obtained by filtration and washed with acetonitrile as white crystals.
The obtained activated imidazole derivative (4) was added to the solution of PVA (1 g, PVA-217) in dimethyl sulfoxide (DMSO). After dissolving of the imidazole derivative, catalytic amounts of sodium imidazole was added to the solution, and stirred for overnight at 50°C. The reaction was followed by TLC. The reaction mixture was poured into excess methanol-acetone (1:1) to give the polymer 2 as precipitates. The polymer was purified by reprecipitation from water to methanol-acetone (1:1). Content of thymine units in PVA was determined by NMR spectra.
Photo-cross-linking of PVA derivatives
Films were prepared from aqueous solution of PVA derivatives on a quartz plate. The film was fully dried under reduced pressure. Irradiation of UV light was carried out at 280 nm and 240 nm using a spectroirradiator (CRM-FA, JASCO). The measurement of UV absorbance was carried out with UV/VIS spectrophotometer (Ubest-30, JASCO).
3. Results and Discussion 3.1. Acetal derivatives of PVA The absorbance of 260 nm peak derived from the thymine unit reduced according to progress of photodimerization with irradiation at 280 nm. This spectral change suggested photo-dimerizations of the thymine units in the polymer (Fig. 4) . Progress of photodimerization was followed by UV absorbance at 260 nm ( Fig. 5) , where UV absorbance was normalized. The films irradiated with 280 nm UV were developed in water to determine the reduction of solubility. After the film was soaked in water, the film was dried and the thickness of insoluble film on quartz plates was determined from UV absorbance at 240nm. As 240 nm is the isosbestic point, it can be thought that 240 nm UV absorbance represents the thickness of films. Fig. 6 shows the results of development for PVA-A-Thy, where normalized thickness was plotted against development time. Five minutes was sufficient for development of the film as shown in Fig. 6 .
The film not irradiated dissolved in water very fast. Water-soluble part of the film was dissolved in water for five minutes. Therefore, the UV absorbance of the film represents the portion of cross-linked polymer. At 685 mJ/cm2 irradiation of UV light, solubility of the polymer decreased suddenly. Prolonged irradiation, however, did not caused drastic decrease of solubility.
In Fig. 7 , normalized thickness after development for 5 min was plotted against conversion of photodimerization for PVA-A-Thy and PVA-A-Ura containing similar amounts of pyrimidine units. When content of thymine was 2.8 mol%, about 80% of polymer became insoluble at 5% conversion of photodimerization. Difference between thymine and uracil was not found in Fig. 7. 
Ester derivatives of PVA
Pyrimidine derivatives of PVA can be easily prepared by aldehyde derivatives of pyrimidine with acid catalyst. Partially saponified PVA (87%-89%) was used for the reaction, because fully saponiried PVA is insoluble in water. In the case of uracil derivative of PVA, acetyl group of PVA was found to be removed during the reaction. Therefore, polymers containing uracil unit above 3% was insoluble in water. Solubility of the thymine derivatives in water was lower than that of uracil, because hydrophobisity of thymine is higher than uracil. New pyrimidine derivatives of PVA (Fig. 8) were prepared by esterification reaction in order to increase solubility of PVA in water. The acetyl group of PVA was found to remain after the reaction. Then, the PVA containing 4.8% of uracil was soluble in water. Fig.  9 shows the results of photo-cross-linking for uracil derivatives containing 2.3% and 4.8% uracil units. Cross-linking of the polymer containing 4.8% uracil units was faster than the polymer containing 2.3% uracil units. Cross-linking was almost complete within 2% conversion for high (4.8%) contents. Photo-cross-linking of acetal type polymer was compared with the ester type polymer for similar contents of uracil units (Fig. 10) . Sensitivity of the acetal type polymer (PVA-A-Ura) was found to be higher than the ester type polymer (PVA-E-Ura). The reason of this finding should be that solubility of the acetal type polymer is low and becomes insoluble by small amounts of cross-linking.
Photodimerizations of two types of thymine derivatives of PVA, PVA-A-Thy and PVA-E-Thy, were compared for similar contents. Fig. 11 shows UV absorbance during photodimerization by irradiation at 280 nm. Photodimerization of PVA-E-Thy was faster than that of PVA-A-Thy. High reactivity of PVA-EThy may be caused by high hydrophobic interaction of thymine bases that gives effective photodimerization, because the ester type polymer has high solubility in water.
In Fig. 12 , thickness of the film of thymine derivatives after development for 5 min is plotted against conversion of the photodimerization.
PVA-E-Thy needs high energy for cross-linking because solubility of the polymer in water is high. On the other hand, PVA-A-Thy has no acetyl group, then, low conversion of photodimerization makes polymer insoluble. Fig, 9 . Effect of uracil contents for photo cross-linking of PVA derivatives.
PVA-E-Ura (2.3 mol%), 0 PVA-EUra (4.8%). PVA-E-Ura (2.8 mol%), 0 PVA-A-Ura (2.5%). 3.3 Reversible photodimerization of the acetal type Photodimerization of thymine is known to be reversible depending on wavelength of irradiation (Fig.  1) . Therefore, reversible photo-cross-linking of PVA is expected for the PVA containing thymine (Fig. 13) .
Fig. 14 shows repeated photodimerization and reverse reaction of PVA-A-Thy in film. After the photodimerization of PVA-A-Thy film at 280 nm, UV light at 240 nm was irradiated on the film containing photodimer. Increase of absorbance by irradiation at 240 nm suggested formation of original thymine. In the cases of 1-alkylthymine crystals' 4 and cyclic derivatives of thymine,6~ complete reversibility was observed. However, in the case of PVA-A-Thy as shown Fig. 14 , reversible photodimerization of thymine was observed below 10% conversion. Fig. 15 shows absorbance at 260 nm during reversible photodimerizations, and normalized film thickness after development for 5 min for PVA-AThy. With decrease of absorbance at 260 nm by UV irradiation at 280 nm, thickness of the film after development increased. After irradiation of UV light at 280 nm (7 Jlcm2), UV at 240 nm was irradiated. The absorbance of the film increased suggesting formation of thymine by photosplitting of the photodimer. However, thickness of the film after development decreased only slightly. Fig. 17 shows the reversible photo-cross-linking for PVA-E-Thy (Fig. 16) . Recovery of solubility for the ester type polymer was higher than the acetal type polymer (Fig. 15) .
Reversible photodimerization of ester type
Reversible photodimerization of thymine was al- Outline of reversible photo-cross-linking is illustrated in Fig. 18 . The ester derivatives of PVA-EThy is soluble in water by development for 5 min. Irradiation of UV light at 280 nm caused photodimer of thymine. Only 1% of photodimer was enough for insolubility of the polymer in water. The high sensitivity of photo-cross-linking may be caused by hydrogen bonding of PVA that was induced by photodimerization of thymine bases. The reverse reaction of the photodimer to original thymine base occurred almost completely by irradiation of UV light at 240 nm. The hydrogen bonds between PVA, however, did not break by irradiation of UV light at 240 nm. Then, solubility of the film after breaking of the photodimer was not recovered. The hydrogen bonding of PVA is known to be formed by heat treatment above 100°C or phase separation from good solvent to poor solvent.
Conclusion
It was revealed that the PVA containing thymine had good sensitivity compared with uracil. Photodimerization of the ester derivative was faster than the acetal derivatives, but the sensitivity was lower because solubility in water was high. As the solubility of the ester type polymer in water was high, high content of pyrimidine in PVA was available.
Then high density of cross-linking is possible. Reverse reaction of thymine photodimer was almost complete, but the reversibility of solubility was not complete. This fact indicated that hydrogen bonding between PVA was formed during photodimerization reactions. Outline of reversible photodimerizatins of PVA-E-Thy (illustration).
